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ABSTRACT
Artificial modulation of bone growth and repair processes is an important area
of current research. Studies have established that the micro mechanical and bulk
physical properties of a polymer implant influence its performance behavior and
degradation patterns in the body. One important parameter for the class of
polymers known as polylactides is the degree of crystalline character. Hence,
studying the bulk and micro crystalline composition of an important polymer
implant, Poly-L-Lactic acid is the objective of this study. Poly-L-Lactic acid has
elastic properties that can be tailored to resemble natural bone and its reaction to
mechanical stress. Varying degrees of crystallinity have been induced in the
polymer by stretching it to different draw ratios. Differential scanning calorimetry
has been used to establish the bulk crystalline character of PLLA and to study
and characterize functional group orientation changes induced at different draw
ratios. The data from these investigations has been integrated to explain how the
functional groups and their orientations with respect to draw axis and polarization
axis impart unique characteristics to the Raman spectra of samples drawn to
different draw ratios.

iv	
  

TABLE OF CONTENTS

Page
ABSTRACT. ………………………………………………………………....iv
LIST OF FIGURES ………………………………………………………...vii
CHAPTERS
I.

INTRODUCTION ….………………………………………..1
1.1 Rationale …….………………………………………….....1
1.2 Bone and its Disorders .……………………………………2
1.3 Implants ………….………………………………………...4
1.4 PLLA (Poly-l-lactic acid) …..….…………………………..7

II.

EXPERIMENTAL PROTOCOL
2.1 Preparation of Polymer Plaques of PLLA …………….….11
2.2 Cold-drawing (Electromechanical Tailoring) of Compression Molded
PLLA…………………………………….………………..11

III.

DIFFERENTIAL SCANNING COLORIMETRY …...… 14
3.1 Experimental Protocol ……………………………………16
3.2 Discussion ………………………………………………...17

	
  

IV.

RAMAN SPECTROSCOPY……………………………….20
4.1 Raman Polarization Spectroscopy …………………….…24

V.

4.2.1

Experimental Protocol ……………………………….26

4.2.2

Results and Discussion………………………….….....27

4.3.1

Experimental Protocol ……………………………….42

4.3.2

Results and Discussion ………………………………43

CONCLUSION ………………………………………………55
REFERENCES …………………………………………..…56

LIST OF FIGURES

Page

1. Structure of Poly-L-Lactic Acid ………………………………….08
2. Compression Molding and Electromechanical tailoring of PLLA...13
3. DSC Thermograms PLLA at Draw Ratios 1.0 and 5.0 ……….…...17
4. Stokes and Anti-stokes Raman Interactions ……………………....21
5. Raman Band Assignments for PLLA ……………………………..23
6. Raman Polarization Spectroscopy …………………………………24
7. Unprocessed and Lorentzian Band Replacement Spectra for
Draw Ratio 1.0 ………………………………………………….27
8. Unprocessed and Lorentzian Band Replacement Spectra for
Draw Ratio 2.7…………………………………………………..28
9. Unprocessed and Lorentzian Band Replacement Spectra for
Draw Ratio 4.25…………………………………………………29
10. Calibrated Raman
Spectrum………………………………………………………..….31
11. Smoothed Raman
Spectra………………………………………………………..…….31
12. The Lorentzian Snippet…………………………………..…………32
13. Sliding Cosine Correlation Analysis using a Lorentzian snippet …..32
14. Lorentzian Replacement Bands …………………………………….33

15. Determination of Band Baselines and Band Intensities …………….33
16. Lorentzian Band Replacement Data ………………………………..34
17. Unprocessed and Lorentzian Replaced Spectra : A Comparison ……34
18. Helical Confirmation of the Beta structure of PLLA ………………..35
19. Relative Amplitude Vs. Polarization State for the 430cm-1 band and 1101cm-1
band…..................................................................................................38
20. Relative Amplitude Vs. Polarization State for the 747cm-1 band ……39
21. Relative Amplitude Vs. Polarization State for the 880cm-1 band and 1048cm-1 band
………………………………………………………………………..40
22. Relative Amplitude Vs. Polarization State for the 1134cm-1 band and 1298cm-1
band…………………………………………………………………..41
23. Raman Data Points across A Drawn PLLA sample ………………....42
24. Intensity Plot Across A Drawn PLLA sample ……………………....43
25. Unprocessed and Lorentzian Band Replaced Raman
Spectra…………………………………………………………….…44
26. Relative Amplitude vs. Location on the sample for 429 cm-1
Band…………………………………………………………………44
27. Relative Amplitude vs. Location on the sample for 526 cm-1
Band…………………………………………………………………45
28. Relative Amplitude vs. Location on the sample for 665 cm-1
Band…………………………………………………………………45
29. Relative Amplitude vs. Location on the sample for 716 cm-1
Band…………………………………………………………………46

30. Relative Amplitude vs. Location on the sample for 747 cm-1
Band……………………………………………………………..……46
31. Relative Amplitude vs. Location on the sample for 832 cm-1 Band.....47
32. Relative Amplitude vs. Location on the sample for 881 cm-1 Band ....47
33. Relative Amplitude vs. Location on the sample for 930 cm-1 Band ....48
34. Relative Amplitude vs. Location on the sample for 1050 cm-1 Band ...48
35. Relative Amplitude vs. Location on the sample for 1101 cm-1 Band …49
36. Relative Amplitude vs. Location on the sample for 1135 cm-1 Band …49
37. Relative Amplitude vs. Location on the sample for 1188 cm-1 Band …50
38. Relative Amplitude vs. Location on the sample for 1226 cm-1 Band …50
39. Relative Amplitude vs. Location on the sample for 1299 cm-1 Band …51
40. Relative Amplitude vs. Location on the sample for 1358 cm-1 Band …51
41. Relative Amplitude vs. Location on the sample for 1368 cm-1 Band …52
42. Relative Amplitude vs. Location on the sample for 1388 cm-1 Band …52
43. Relative Amplitude vs. Location on the sample for 1452 cm-1 Band …53

I. INTRODUCTION
1.1 RATIONALE
.
With increasing information available about what factors are most likely to influence the
rate and pattern of growth of bone cells, implants are being engineered to serve specific
purposes. Polymer implants have shown great promise in serving as bone scaffold
materials due to their biocompatibility, biodegradation ability, mechanical rigidity, and
the ability to integrate to natural bone. Poly-L-lactic acid is the polymer chosen for this
study because it has the added advantage of being piezoelectric in its crystalline form.
Natural bone is known to exhibit piezoelectricity. Amorphous PLLA has faster
biodegradation rates in the body, compared to crystalline and semi crystalline implants.
The piezoelectric character, differential degradation rate, rigidity possessed by crystalline
polymer implants, however, makes them better suited for bone engineering studies.
Biodegradation rates can also be controlled using copolymers. In this study, differential
scanning calorimetry results are used to establish a relationship between the draw ratio
and percent crystallinity. This information is further augmented with information
obtained from the Raman spectra of the sample to enable a DSC-Raman correlation.
Raman Polarization data of undrawn and drawn polymer plaques at different polarization
angles is further used to explain how the functional groups and their average alignment
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with respect to the draw axis and polarization axis can bring about changes in the
intensities of the observed Raman band intensities.

1.2 Bone and its Disorders
Bones are the rigid organs that constitute the endoskeleton of vertebrates1. Bones
have a complex internal and external structure, light weight, yet strong and able to
perform multiple functions. They support and protect various organs of the body, produce
red and white blood cells and store minerals. Bone tissue is a type of dense connective
tissue. Mineralized osseous tissue gives the bone its rigidity. Other types of tissues that
are associated with bone include marrow, endosteum, periosteum, nerves, blood vessels
and cartilage. At the cellular level, bone consists of osteoblasts, osteocytes and
osteoclasts.
At molecular level, bone matrix is made up of several organic and inorganic
substances.
The organic part of the matrix is mainly composed of Type I collagen. It also contains
various growth factors and glycosaminoglycans, osteocalcin, osteonectin, bone
sialoprotein, osteopontin and cell attachment factor. The inorganic composition of bone,
the bone mineral, is formed from carbonated hydroxyapatite of low crystallinty.
Bone remodelling is a process of resorption followed by replacement of bone with
minor changes in shape. This is the process by which osteoclasts break down the bone,
2

releasing minerals that result in the transfer of calcium from bones to blood. The purpose
is to regulate bone homeostasis, repair micro-damaged bones and to shape and sculpt the
skeleton during growth. Osteoblasts are involved in the process of new bone formation.2

In some cases bone resorption becomes accelerated; the bone is broken down faster
than it can be renewed. The bone becomes porous and fragile, increasing the risk of
fractures and bone breaks easily. In some conditions like hormone imbalances, bone
resorption can increase. Most bone disorders are due to either a disturbance or loss of
balance between bone resorption (osteoclastic activity) and bone formation (osteoblastic
activity).
Specific treatments for bone disorders are typically decided based on age, health,
medical history, extent of the disease and tolerance to the types of available medications,
therapies and procedures. Treatments may include assistive devices, core decompression,
osteotomy, bone graft, arthroplasty, chemotherapy, surgery, and amputation and radiation
therapy.
Arthroplasty, like total joint replacement orthopedic surgery, is generally conducted
to manage hip disorders that have responded poorly to conventional medical methods or
to repair severe physical joint damage.3

3

1.3 Implants
Implants are used to replace a missing biological structure, to support the damaged
biological structure, or to enhance a biological structure.4The implant is an object or
material inserted or grafted into the body for prosthetic, diagnostic, therapeutic or
experimental purposes. The implant surface must be biocompatible and is often made of
biomedical materials like titanium, silicone or hydroxyapatite. In some cases, implants
contain electronic devices. Pacemakers or cochlear implants are two examples. Some
implants contain drug eluting devices or subcutaneous drug delivery devices.
Common materials used in orthopedic implants are stainless steel, cobalt chromium
alloys, titanium and titanium alloys, tantalum and polyethylene polymers.5Under ideal
conditions, implants should initiate a desired host response and should not cause any
undesired reaction from neighboring or distant host tissues. Complications due to
rejection include infection, inflammation, pain, implant induced coagulation and allergic
foreign body response. There have been many examples of implant failures, including
rupture of silicone breast implants, wear-erosion of bone surrounding hip replacements
and artificial heart valve failure.6Metal and ceramics implants often require a second
surgical procedure to remove them from the body.Metals are not usually biodegradable
and bone fixation using metal implant sometimes leads to bone fracture after the implant
is removed.7Polymers, on the other hand, are light weight, biodegradable, can be cut,
printed and molded easily. The mechanical properties of the polymer can be tailored as
per requirements.
4

Polymers used in orthopedic implants are of two kinds: long term implants
(polyethylene, urethane, polyketane) and resorbable implants (polylactide,
polycaprolactone, polyglycolide). Long term implants provide the structural support
required from within the body and will remain intact and functional for the life time of
patient, whereas, bioresorbable implants provide temporary structural support and are
resorbed by the process of hydrolytic degradation.8
While choosing appropriate polymer for orthopedic implants, there are few factors that
need to be considered.The polymer should be able to undergo large strains, when
mechanically stressed.
The polymer should have the required balance between mechanical and physical
properties such as elasticity, yield stress, ductility, time dependant deformation, hardness,
fatigue stress, ultimate stress and strength. Lastly, polymers implants need to be easily
fabricated, flexible, reproducible and cost effective.9
Piezoelectricity has been observed in living tissues like bone, tendon and dentin.10It is
known that physical exercise, which imparts an applied stress to the material, translates
into piezoelectric signal from the bone to the living cells, potentially helping bone
regeneration.

Piezoelectricity is a property of many non-centro symmetric polymers,

ceramics and some biological materials. Polymers can withstand a higher driving field
than ceramics and can be better sensors. Polymers are also advantageous over ceramics
because of their flexibility, lower density, lower elastic modulus, and their ability to be
cut out into complex shapes. 11Wolff’s law states that “bone in a healthy person/animal
5

will adapt to the loads it is placed under. If the loading on a particular bone increases, the
bone will remodel itself overtime to become stronger to resist that sort of loading,
perhaps becoming thicker as a result. The converse is also true.”12 The architectural
structure of the bone depends on mechanical forces acting on it. Surface charge
accumulation may be a controlling factor in bone formation. Local electrical fields
resulting from such surface charges are believed to influence the orientation and
deposition of ions and polarisable molecules. The piezoelectric activity of bone is
attributed to the collagen component and is suspected to contribute to the phenomenon by
which osteoclasts detect areas of greater stress. The piezoelectric coefficient for human
bone can approach 7pC/N, whereas that of crystalline PLLA can go up to 10pC/N.13
Amorphous PLLA exhibits no piezoelectric character.
Choosing the right polymer for a specific application can be challenging because
there are very few non toxic polymers approved by The FDA (Food and Drug
Administration), e.g. poly lactic acid (PLA), poly glycolic acid (PGA), polydioxanone,
polycaprolactone, polyvinyldienefluoride (PVDF). 14
The process of bioresorption is utilized to encourage natural bone and tissue
regeneration. PGA implants are hydrophilic and hence, degrade quickly, losing strength
within a month and most of their mass in 6 months-12 months. PLLA has a much slower
rate of absorption, taking almost 5 years to fully degrade. Adverse tissue reactions to
PLLA are much lower (0-1%), compared to that of PGA (0-46.7%). Owing to these
properties, PLLA is a good matrix for active pharmaceutical ingredients (API) which can
be embedded into tailored implants having customized release rates.15
6

1.4 PLLA (Poly-L-lactic acid)
Poly lactic acid (PLA) is thermoplastic aliphatic polyester derived from sources like
sugarcane, cornstarch, and tapioca roots.16 (D- and L- forms being its enantiomers). PolyL- lactic Acid is a product resulting from the condensation of lactic acid monomer units.
A Ring opening polymerization reaction of lactide catalyzed by various metals also yields
Poly-L-lactic acid. PLLA is commercially available with a crystallinity around 37%, a
glass transition temperature between 60o C and 65o C; and a melting temperature between
173o C and 178o C. Polymerized racemic mixtures of L- and D- lactides are used as
scaffold materials in bone engineering. Since PLDA metabolizes to Formaldehyde, it
alone is not used as an implant material.
	
  

Molecular Formula: (C3H4O2)n
Molecular weight:

134000 Da

Melting point:

173-178o C

Density:

1210-1340 kg/m3

Solubility:

insoluble in water.	
  

*Commercially available PLLA Purchased in pellet form from Birmingham Polymers.
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Figure1. Structure of Poly-L-Lactic Acid

Hence, PLLA is a polymer with great potential, owing to its toxicological safety and
tunable biodegradability. PLLA initially stabilizes the fracture mechanically and
facilitates ingrowth as the new bone forms. As the implant material resorbs, the load is
gradually transferred to the newly formed bone. In the body, PLLA hydrolyzes into lactic
acid a common byproduct of muscle metabolism and is eventually excreted as carbon
dioxide and water. PLLA degrades by the process of bulk erosion, where the rate of entry
of water into the implant is greater than the rate at which the implant converts to water
soluble components.17 Initially, rapid surface degradation is occurs due to the large water
concentration gradient that exists between implant and the surrounding tissue. Metabolic
products accumulate, thereby creating an acidic environment that accelerates degradation.
In addition, macrophages phagocytize the PLLA fragments and release lysozymal
hydrolytic enzymes, like acid phospatase, that aid in fragmentation of long chains. For
the first twelve weeks, one-folded and non-folded chains undergo molecular weight
fractionalization. Secondary crystallization occurs. From 12 weeks to 26 weeks, four
folded chains are also fractionated. After a year, no evidence of macro-molecular
8

polymer debris is found. The implant degrades and disintegrates into needle-like
monomer units. But, as time elapses product diffusion becomes limited and the process of
degradation slows down. 18Chemical hydrolysis of ester bonds in the backbone of
monomer units occurs. Lactic acid dehydrogenase oxidizes lactic acid to pyruvate, which
is metabolized in the citric acid cycle into carbon dioxide and water, and eventually
excreted.19In more general terms, polymer degradation depends on monomer structure,
molecular structure, copolymer ratio, crystallinity, shape, glass transition temperature and
incubation time.20
PLLA has been used in many applications from implants to drug delivery devices.21 In
addition, PLLA films have been studied for periodontal devices, glaucoma, proliferative
vitreoretinopathy (PVR) and cancer and as a polymer coating on metallic stents. PLLA
has been considered for irradiated multilayer film system which has potential for
achieving controlled and sustained drug release through manipulation of polymer type,
layer hydrophilicity and solubility. PLLA and its copolymers have great utility for
controlled release of several drugs like insulin, vaccines, anti tumor agents, human
growth hormone and contraceptives. PLLA and its copolymers can be fashioned into
carriers of cells, extracellular matrix components and bioactive agents.
PLLA particles typically do not cause major cell injury or irritate the cell, but can induce
and maintain clinically detectable swelling. In bone, however, the osseous tissue can
withstand the osmotic pressure and internalization is not a serious problem. As the draw
ratio increases up to 5, and the associated piezoelectricity increases as a consequence of
increased long-range crystallinity. As crystallinity increases, the process of degradation
9

slow down, making PLLA resistant to hydrolysis.22 Hence, to disrupt the crystallinity and
the accelerate bioresorption process, PLLA copolymers have been employed. Although
long degradation time is a minor drawback, it does not seem to affect the process of
healing.

10

II.

EXPERIMENTAL PROTOCOL

2.1 Preparation of Polymer Plaques of PLLA

Poly-L-lactic acid (PLLA) is purchased in pellet form from Birmingham Polymers,
(Birmingham, AL), having a molecular mass equal to 134,000 and an average molecular
mass equal to 83,900Da. The pellets are first compression molded into plaques using a
12-ton manual hydraulic press (Carver) which is equipped with heat platens and
temperature controllers (Omega). As the melting point of PLLA is approximately 173oC
the temperature controllers are maintained below 173oC. The PLLA pellets (2.8 g) are
then placed between Teflon coated foils that sandwich a 5.00 cm square frame having a
thickness of 0.75 mm. The frame assembly with the PLLA pellets is placed between the
platens and heated to a temperature of approximately 150oC and then a pressure of
17,500 Tons is applied. At these conditions the PLLA is molded for 5 minutes.
Afterwards, plaques are immediately quench-cooled in dry ice to prevent further
crystallization. The molded plaques are further processed by cutting into the requisite
shape necessary to perform cold drawing and Raman analyses.
11

2.2 Cold-drawing (Electromechanical Tailoring) of Compression
Molded PLLA
The compression molded PLLA plaques are cut to ten identical rectangular pieces, which
are then cut into dumbbell shapes. Each piece is then fitted between the clamps of a
mechanical stretcher and the length of polymer between the clamps is recorded as the
initial length. The stretcher is housed in a temperature controlled oven which is gradually
heated to 70oC and allowed to remain at that temperature for 5-7 minutes before drawing.
A Visual C++ program controls a stepper motor attached to a worm gear that moves one
of the clamps attached to the PLLA sample. The software controls draw rate and draw
ratio. The draw ratio is defined as the initial length between the stretcher clamps divided
by the final length, also measured between the stretcher clamps.

12

Figure 2. Compression Molding and Electromechanical Tailoring of PLLA
a) PLLA pellets b) PLLA pellets placed within the metal frame c) Compression
Molding of PLLA pellets placed between the heated platens d) Formed PLLA
plaque between the platens e) PLLA plaque with surrounding metal frame f)
PLLA plaque cut into dumbbell shape g) The dumbbell shaped PLLA plaque fit
between the clamps of the stretcher housed in the oven h) PLLA plaque stretched
to the desired Draw Ratio
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III.

DIFFERENTIAL SCANNING CALORIMETRY

Differential scanning calorimetry is a technique of measuring the thermal transitions of
a material.23In this method, the amount of heat consumed by the sample in comparison to
a reference material is measured as a function of temperature. The temperatures of the
sample and reference increase linearly with time, heat up at the same rate, and are
maintained at the same temperature throughout the experiment. Depending on the nature
of the sample, more or less heat flows through the sample compared to the reference. If
the sample undergoes an endothermic process like melting, it absorbs more heat as it
undergoes the phase transition from solid to liquid and takes up more heat in comparison
to the reference in order to have the same temperature rise as the reference. In an
exothermic process like crystallization, the sample takes up lesser heat to achieve the rise
in temperature, a convergence of heat released by the sample during crystallization. A
DSC experiment measures the difference in heat flows between the reference and sample.
A temperature vs Difference in heat flows is plotted.

14

The basic components of a Differential scanning colorimeter are a ceramic or metallic
block that ensures uniform heat distribution, specimen crucibles made of pyrex, silica or
nickel and thermocouples.24
The results of DSC are plotted as a graph of heat flux vs temperature or time. By
integrating the peak given to corresponding transition, the enthalpies of transition are
calculated.
The following equation expresses the enthalpy of transition:
∆H = KA

……………………………………………………………………………… (1)

Where ∆H is the enthalpy of transition, K is the calorimetric constant and varies from
instrument to instrument and A is the area under curve. DSC has applications in many
fields, including pharmaceuticals, polymers, food products and nano materials. It is used
to measure a number of characteristic properties of a sample. For example, DSC gives
information about the glass transition temperature (Tg), crystallization temperature (Tc)
and melting temperature (Tm). 25DSC can be used to study various chemical processes
like oxidation. In semi crystalline samples, DSC gives information about the degree of
crystallinity. The method is used to identify the quality of polymers, for studying the
small energy changes that occur as the phase transitions occur from a solid to liquid
crystal to anisotropic liquid, and for oxidative stability studies. DSC is also used to study
the phenomenon of Polymer curing which allows the tuning of polymer properties.26

15

In addition, DSC is useful in investigations of freezing point depression, based on the fact
that freezing point of compound is either lowered or elevated due to the presence of
impurities.27
The advantages of DSC are that it is simple, it is useful for wide range of samples and it
has very broad dynamic heating and cooling ranges.

3.1.Experimental Protocol
The work presented here makes use of DSC data obtained previously28. A differential
scanning calorimetry (TAI, MTDSC 2920) was used to measure the thermal properties of
drawn and undrawn samples of PLLA. A heated razor blade was employed to cut the
samples into pieces weighing approximately 4 mg from the central part of each dog bone.
The temperature program was set to heat at a rate of 5o C per minute from 0o C to 200o C,
then cooling back to 0o C. The resulting thermogram gives information about Tg, Tm, Tc,
∆Hc and ∆Hf.

16

3.2 Discussion

Figure3. DSC Thermograms for PLLA at the Draw Ratios 1.0 and 5.0

17

The above plot represents the DSC data for the polymer drawn to the draw ratios of 1.0
and 5.0.

As the sample is heated, it takes up heat (endothermic reaction) and gradually,

molecular flow begins. This temperature of the onset of molecular alignment is called
glass transition temperature (Tg). As the sample consumes more heat, more molecular
order is induced. At a certain temperature maximum amount of molecular order is
attained and heat is released (Exothermic reaction). This temperature is called
crystallization temperature (Tc). Further heating leads to heat consumption, melting the
sample at the melting temperature (Tm).29
The area under curve of the glass transition phase is represented as Hg, the area under
consumption of crystallization phase is represented as Hc, the area under curve of melting
phase is represented as Hm. Hence,
(1- Hc/Hm) x 100 would give the crystallinity of the sample as it existed prior to
performing DSC, Xc,pre-DSC

(2)

⎛ ΔH f − ΔH c
93.6
⎝

χ c, pre− DSC = 100 × ⎜⎜

⎞
⎟⎟
⎠

…………….

Where ∆Hf is the amount of heat consumed to melt the sample,
∆ Hc is the amount of heat consumed for complete crystallization of the sample,

18

93.6 kJ is the amount of energy consumed by one gram of an amorphous sample to
crystallize completely.If the sample is completely crystalline at the beginning of DSC, the
plot would not show a Glass transition and crystallization peak, there would be only be a
melting peak.
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IV.

RAMAN SPECTROSCOPY

Raman spectroscopy relies on the inelastic scattering of monochromatic light.30 Laser
light, in the visible, near ultraviolet, or near infrared region interacts with molecular
vibrations, phonons or other excitations in the system that causes the energy of the
scattered light to alter. This energy shift gives information about the vibrational,
rotational and other low frequency modes in the system.
A conventional Raman spectrophotometer consists of a laser light source to illuminate
the sample, a Rayleigh rejection filter to reject the intense Rayleigh scattered light, a
grating on spectrophotometer to disperse and detect the scattered light31. The incident
light interacts with the electron clouds and bonds of the molecule. The photons cause
excitation of electrons in the molecule from a ground energy level to a higher energy
state. When the electrons relax, they may return to a different vibrational or rotational
state. This leads to a shift in the emitted photon frequency32. If the emitted photon has
lesser energy than the incident photon, a Stokes shift results.33 If the emitted photon has
greater energy than the incident photon, an anti stokes shift is said to occur.
20

Figure 4. Stokes and Anti-stokes Raman Interactions.

The Raman shift is measured in wavenumbers. The following formula is used to
convert wave numbers to wave length.

(3)
where, ∆w is Raman shift expressed as wavenumber
!   is

the Raman spectrum wavelength.

For conversion between units,
21

!

is the excitation wavelength and

∆𝜔 𝑐𝑚!! =

!
! !"

−

!
!

!"

×10!

(4)
The advantages30 of Raman Spectroscopy are that it provides molecular information with
little or less sample preparation. It is non invasive, non destructive and used to analyze
solids, liquids and gases can be analyzed using Raman. In addition, samples can be
analyzed even through glass or polymer packaging.
Variations of Raman spectroscopy include surface enhanced Raman spectroscopy
(SERS), resonance Raman spectroscopy, polarization Raman spectroscopy, stimulation
Raman spectroscopy, hyper Raman spectroscopy, coherent anti-Stokes Raman
spectroscopy (CARS), spontaneous Raman spectroscopy.
Since Raman spectroscopy deals with vibrational information, it gives information about
chemical bonds and molecular conformation and helps in identifying the molecular
species. By studying the Raman scattering of anisotropic crystals in various polarization
angles, crystal orientation can be studied. Raman is used to study the changes in chemical
bonds when an enzyme is added to a substrate. Spontaneous Raman signal gives a ratio
between stokes and anti stokes shift. Raman is used to detect breast cancer cells, single
cell and viral analysis, study Drug- DNA interactions, mineral identification, Forensics
etc. Raman gas analyzers are used to monitor the ratio of anesthetic gases and respiratory
gases during a surgery. Piezoelectric materials show shifts in Raman frequencies with
applied stress. This is used to understand the molecular mechanism behind their
behaviors. Nanowires are analyzed using Raman spectroscopy to study their composition
22

and structures. Raman reporter molecules are being developed for tissue imaging with
SERS antibodies. Raman spectroscopy is used for detection of trace explosives in a non
invasive manner.34 Raman spectroscopy and FTIR are used to identify counterfeit and
adulterated pharmaceutical products.35

Figure 5. Raman Band Assignments for PLLA
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4.1 Raman Polarization Spectroscopy

In addition to the general chemical identification that Raman spectroscopy
provides, information about molecular orientation, bond symmetry and
vibrations can also be probed by employing polarizers in the optical path. In
this study, a polarizer has not been placed before a monochromator, instead
relied on changing the sample orientation using a rotating stage. Parallel and
Perpendicular polarizers can be used and rotated to achieve the desired degree
of Polarization.

24

Figure6. Raman Polarization Spectroscopy
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4.1.1 Experimental Protocol
For recording the spectra of cold-drawn PLLA substrates, the system is operated in the
epi-illumination mode using a 1.5W 785nm laser (Process Instruments). The illumination
path is configured with a mirror and holographic notch filter (Super Notch Plus, Kaiser
Optical) in place of the conventional beamsplitter. A second holographic notch filter,
placed in the emission path, provides rejection (~106) of the Rayleigh light while passing
both the Stokes and anti-Stokes Raman scattered light. The undrawn sample is mounted
on a rotating stage and the spectra are recorded using 10X magnification (10X objective,
0.80NA, infinity corrected, Olympus). The sample is rotated and a spectrum is captured
for every 5o increment through 180o. The same is repeated for samples of draw ratios 2.7
and 4.25.

26

4.2.2 Results and Discussion

Figure 7. Raman spectra of PLLA as a function of incident polarization angle.
A). Raw Raman data showing base line shifts. The dip in the spectra between 400 nm and
450 nm is due to the holographic laser rejection filters.
B). Lorentzian Band Replacement Spectra.
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Figure 8. Raman spectra of PLLA as a function of incident polarization angle.
A). Raw Raman data showing base line shifts. The dip in the spectra between 400 nm and
450 nm is due to the holographic laser rejection filters.
B). Lorentzian Band Replacement Spectra.
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Figure 9. Raman spectra of PLLA as a function of incident polarization angle.
A). Raw Raman data showing base line shifts. The dip in the spectra between 400 nm and
450 nm is due to the holographic laser rejection filters.
B). Lorentzian Band Replacement Spectra.

The above represents unnormalized and normalized versions of Raman spectrum at
different points on the PLLA sample. The base line is corrected using a Lorentzian band
replacement algorithm to have a better understanding of the data.
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In this process, the spectra are smoothened as first step. A lorentzian snippet,
comprising just the tip of Lorentzian band (9 points) is used to detect the peaks. The
snippet slides over the spectral regions and estimates the statistical correlations with
respect to each region. When the correlation is between 0.85 and 1.05, the region is
identified as a peak. For smaller correlation values, the region is not identified as a peak.
Once the peak is identified, individual peak baselines are calculated. For determining a
baseline to a peak, the slope is calculated down the peak starting from its highest point.
The point at which the slope stops getting steeper is marked. A similar region on the
opposite side is identified by connecting several points from the marked point on the
opposite side and slope is calculated. The point which has a less steep slope is marked.
Now, from that marked point, again several lines are drawn to the points on opposite side
to identify the lowest point of the peak. Joining these two points would give us the
baseline of the peak. Baseline for all other peaks is also calculated.
Holding one of the peaks as a constant, the rest of the baselines are brought to about
same level, thus bringing about uniformity in the base level of spectrum. A
multiplication/ normalization factor is derived. By doing this to all the peaks of all the
spectra involved, we now have a common ground to draw conclusions about the peak
heights as a factor of draw ratios.
Since the functional groups of the polymer are responsible for the peaks in the spectra,
the variations in the peak heights with respect to draw ratios can tell us about how
polarization angle affects the behavior of the corresponding functional group.
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Figure 10. Raw calibrated Raman Spectrum

Figure 11. Smoothed Raman Spectra
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Figure 12. The Lorentzian Snippet

Figure 13. Sliding Cosine Correlation Analysis using a Lorentzian Snippet
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Figure 14. Lorentzian Replacement Bands

Figure 15. Determination of Band Baselines and Band Intensities
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Figure 16. Lorentzian Band Replacement Data

Figure 17. Unprocessed and Lorentzian Replaced Spectra: A comparision
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Figures 19 through 22 represent the bands that are commonly detected at all the laser
polarization states in all the draw ratios, namely the wave numbers of 430 cm-1, 747 cm-1,
880 cm-1, 1048 cm-1, 1101 cm-1, 1134 cm-1and 1298 cm-1 Raman data is measured in
pixels instead of wave numbers since there is no need to perform band replacement using
calibrated spectra, it can be performed on raw data. The blue represents the undrawn,
green represents the 2.7 and red represents the draw ratio of 4.25. The peak at 747 cm-1 is
given by the C=O out of plane bending. It is normalized, as that band did not show much
change in the peak characteristics and heights through all the angles and draw ratios and
hence the graph shows no specifics.
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Figure 18.Helical confirmation of the Beta structure of PLLA36
PLLA is believed to exist in three configurations, depending on the processing
conditions37. The alpha form is formed when PLLA is crystallized from the melt and is
orthorhombic structure with a 10/3 helical confirmation. The Beta structure is formed by
crystallization via cold-drawing and is a left handed 3/1 helical confirmation. Gamma
form is formed through epitaxial crystallization of PLLA and is disorderly three fold
helix. This piece of investigation also provides with information about the possible
alignment and bond angles of the functional groups with respect to the polymer backbone
chain.
As the laser light interacts with the sample, it excites the electron to a virtual state. Upon
relaxation, new vibrational and rotational states can be occupied leaving the bonds
bending, stretching or rocking. The type, magnitude and direction of vibrations induced
in each functional group depend on the nature of atoms, bonds present and their
alignment to the laser axis. The plots below are an attempt to integrate the Normal mode
analysis results with the theories from the literature. The Raman bands that seem to
respond in a similar fashion either increasing or decreasing amplitude or exhibiting no
marked changes in amplitude are considered together.
The peak at 430 cm-1 is due to the CH3 side chain bending. The C-CH3 bond angle was
calculated to be 109.5o. As the laser light is rotated through 90o, the amorphous sample
shows no overall change in amplitude, whereas, the two drawn samples show an average
increase in the amplitude. This can be explained by assuming it to be an out of plane
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bending and as the polarization axis is rotated, this functional group tends to get more
oriented in the direction of laser axis and hence the increased response. The amorphous
sample has high degree of randomness, hence no well-defined response is observed. The
sample with draw ratio 2.5 and 4.25, however have more molecular order and respond
accordingly. The band at 1101cm-1 is due to C-O-C stretching, aligned at an angle of
118o. The increase in amplitude for this functional group can also be similarly explained.
The 880 cm-1 band is due to C-COO stretching, the 1048 cm-1 band is due to C- CH3
stretch. The undrawn sample shows no trend, whereas, the DR=2.7 and DR=4.25 show a
cosine like change.
The 747 cm-1 band shows little change and hence is used to scale each spectrum.
Similarly, the 1134 cm-1band which is due to asymmetric CH3 rocking and the 1298 cm1

band which is due to CH bending also show no definite trend. The corresponding

vibrations may not be significant enough to produce an appreciable response or maybe
they respond in a similar fashion and magnitude as the 747 cm-1band.
The following pictures depict comparative accounts of Raman spectra of bands, based on
their overall trends. The blue lines represent the undrawn sample, the green represent a
draw ratio of 2.75 and red represents a draw ratio of 4.25.
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Figure 19. Relative Amplitude vs. Polarization State for the 430cm-1 and 1101cm-1 bands
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Figure 20. Relative Amplitude vs. Polarization State for the 747cm-1 band
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Figure 21. Relative Amplitude vs. Polarization State for the 880cm-1and 1048cm-1 bands
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Figure 22. Relative Amplitude vs. Polarization State for the 1134cm-1 and 1298cm-1
bands
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4.3.1 Experimental Protocol
For recording the spectra of cold-drawn PLLA substrates, the system is operated in the
epi-illumination mode using a 1.5W 785nm laser (Process Instruments). The illumination
path is configured in an epi-illumination geometry in which a mirror and holographic
notch filter (Super Notch Plus, Kaiser Optical) act in place of the conventional
beamsplitter. A second holographic notch filter, placed in the emission path, provides
rejection (~106) of the Rayleigh light while passing both the Stokes and anti-Stokes
Raman scattered light. The sample of draw ratio 3.5 is mounted on the stage of the
objective (10x, 0.80, infinity corrected, Olympus) and spectrum is captured at twenty
different points on the sample starting from right to left.

Figure 23.Raman Data Points across the sample
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4.3.2 Results and Discussion
The plot indicates that as one moves from left to right on the drawn sample, the
intensities at the extremes are low, representing amorphous nature, while, those at the
central most part of the sample are high, representing more crystalline nature.

Figure 24. Intensity Plot across the sample

43

Figure 25. Unprocessed and Lorentzian band replaced Raman Spectra

Figure 26. Relative Amplitude vs. Location on the sample for 429cm-1 Band
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Figure 27. Relative Amplitude vs. Location on the sample for 526cm-1 Band

Figure 28. Relative Amplitude vs. Location on the sample for 665cm-1 Band
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Figure 29. Relative Amplitude vs. Location on the sample for 716cm-1 Band

Figure 30. Relative Amplitude vs. Location on the sample for 747cm- Band
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Figure 31. Relative Amplitude vs. Location on the sample for 832cm-1 Band

Figure 32. Relative Amplitude vs. Location on the sample for 881cm-1Band
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Figure 33. Relative Amplitude vs. Location on the sample for 930cm-1 Band

Figure 34. Relative Amplitude vs. Location on the sample for 1050cm-1 Band

48

Figure 35. Relative Amplitude vs. Location on the sample for 1101cm-1 Band
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Figure 36. Relative Amplitude vs. Location on the sample for 1135cm-1 Band

Figure 37. Relative Amplitude vs. Location on the sample for 1188cm-1 Band
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Figure 38. Relative Amplitude vs. Location on the sample for 1226cm-1 Band

Figure 39. Relative Amplitude vs. Location on the sample for 1299cm-1 Band
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Figure 40. Relative Amplitude vs. Location on the sample for 1358cm-1 Band

Figure 41. Relative Amplitude vs. Location on the sample for 1368cm-1 Band
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Figure 42. Relative Amplitude vs. Location on the sample for 1388cm-1 Band

Figure 43. Relative Amplitude vs. Location on the sample for 1452cm-1 Band

While walking across the sample, spectra were recorded for 19 points on the sample
starting from the left. 429 cm-1, 526 cm-1, 665 cm-1, 716 cm-1, 747 cm-1, 832 cm-1, 881
cm-1, 930 cm-1, 1050 cm-1, 1101 cm-1, 1135 cm-1, 1188 cm-1, 1226 cm-1, 1299 cm-1, 1358
cm-1, 1388 cm-1 and 1452 cm-1 bands were listed for all the 19 points across the sample.
Assuming the area around the point 10 to be the central most and the most crystalline
region, Figures 25 through 42 can be compared to Figures 19 through 22, barring a few
anomalies. The sample with draw ratio 4.25 responds with a comparable magnitude as
the central most region of the sample at different wave numbers. In other words, if the
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responses of the point number 10 at each wave number were taken and plotted, it was
consistent with that of the sample with draw ratio 4.25.
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V. CONCLUSIONS

The aims achieved through this work are to,
Develop a method for removing baseline variations in Raman spectra,
Measure the Raman spectra of cold drawn PLLA as a function of Laser polarization state
and Draw axis,
Characterize the changes in the polymer backbone and side group orientations, on
average, as a function of draw ratio.
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